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STRIKING differences exist between the right and left sides of the heart. However, both ventricles have approximately the same output because of their series arrangement, and both are part of the same muscular structure, the heart. In spite of this tight connection, the two sides must have different pump characteristics reflecting the differences in muscle mass and geometry. Elzinga et al. 565 aspects of the cross-talk phenomena in the heart have been investigated previously (Elzinga, 1972; Elzinga et al., 1974) .
PUMP FUNCTION OF LEFT AND RIGHT HEART/
Pump function was analyzed by means of the pump function graph, i.e., the relationship between mean ventricular pressure and mean output obtained by varying the arterial pressure. The pump function graph gives information on the behavior of the ventricle as a pump, at least for flow and pressure variations resulting from changes in input impedance of the arterial system (Elzinga and Westerhof, 1979 ). Since such a study is not easily performed in the intact animals, we used a working isolated cat heart preparation.
Methods

Experimental Preparation
Male cats (3000-4700 g) were anesthetized with thiopental, 45 mg/kg, ip, were ventilated with a respirator, and a sternotomy was performed. Loose ligatures were placed around both lung hili, both caval veins, the pulmonary artery, and aorta. The aorta then was cut and connected to a portable Langendorff apparatus filled with perfusion fluid (see below). The lung hili and veins were tied off, the heart was taken out of the thorax, and excess tissue was removed. The aorta then was connected to the apparatus shown in Figure 1 . Retrograde aortic perfusion (provisions for this are not shown in the figure) continued during the time needed to connect the pulmonary artery and left and right atrial appendages. The Langendorff perfusion was ended when the heart was able to generate its own coronary perfusion pressure (usually within 10 minutes after removing the heart from the animal).
The top part in Figure 1 represents the system used to control filling of the two sides of the isolated heart. The reservoir (R) contained an oxygenated mixture of Tyrode's solution (Na + , 149; K + , 4.7; Cl", 138; Ca 2+ , 1.35; Mg 2+ , 1.05; HCOa", 20.3; H 2 PO 4 ,0.42; and glucose 11.1, all concentrations in HIM), albumin (1 g per 100 ml) saturated with palmitic acid, and washed bovine erythrocytes (hematocrit: 25). The perfusate was kept at 38.5°C and was equilibrated with a gas mixture (25% O 2 , 5% CO 2 , and 70% N 2 ), resulting in a Po 2 of 103 ± 13 mm Hg (mean ± SE), a Pco 2 of 39.9 ± 2.0 mm Hg, and a pH of 7.30 ± 0.02. The perfusate was passed through a filter (F) to the left and right atrial supply vessels (SL and SR) . The height of the fluid in these vessels could be kept constant by overflow systems. The overflowing fluid was pumped back to the reservoir, R.
By means of valves LR and FR, the right and left heart could be connected in parallel or in series. Valve LR directed the output from the left side of the heart to either the big reservoir, R (in the inparallel arrangement), or the right atrial supply vessel, SR (in the in-series arrangement). In the former situation, valve FR was open and right atrial filling pressure was determined by the height of the overflow system inside SR; in the latter case, valve FR was closed and overflow was not allowed. Therefore in the series arrangement, the outputs of the two hearts were necessarily equal.
The bottom part of Figure 1 shows the systems into which the two sides of the heart ejected. Each system consists of three elements: two resistances (R c and R p ) and a compliance (C). The physical characteristics and construction of these systems have been described previously (Westerhof et al., 1971) . The resistances Rc represent the characteristic impedances of the aorta and the pulmonary artery, respectively. The compliant elements C mimic the compliances of the systemic and pulmonary arterial beds. Their values were determined by the volumes of air in the chambers. The resistors R p model the peripheral resistances of the two respective vascular systems. The values of the components of each hydraulic model were chosen such that their input impedances resembled those found in the intact animal.
In both arterial models, the compliance chambers could be connected instantaneously to pressurized air bottles by means of electromagnetic valves (EM in Fig. 1 ). By opening a valve, the pressure of the respective compliance chamber was rapidly changed to the pressure in the respective air bottle. To obtain very low load pressures for the right heart, a pneumatic valve was positioned close to the pulmonary artery cannula. Valve opening always occurred during diastole and lasted no longer than one cardiac cycle. Only the first beat after the change in arterial pressure was used for analysis.
Measurements and Analysis
Needles connected to short, stiff polyvinyl chloride catheters were introduced into the right and left ventricular cavities. Similar short catheters were connected to the inlets of the arterial models. All catheters were connected to Statham P23Db transducers, to record ventricular and arterial pressures. Resonant frequencies were tested in all experiments after careful flushing and were higher than 100 Hz for all pressure-recording systems.
Instantaneous flow outputs were measured by a sine wave electromagnetic flowmeter (Transflow 601, Skalar Instruments) with specially designed flow probes connected to the pulmonary artery and the aorta. The amplitude response was 3 dB down at 100 Hz.
In the steady state situations, right and left heart mean outputs were measured directly by means of beakers and a stopwatch.
All signals were recorded on an Elema-Schonander ink recorder (EMT 81) and on an analog tape recorder (SE 7000). A laboratory-made analog device connected to the registration system (Puls and Elzinga, 1978) permitted continuous registration of end-diastolic pressure levels. The same device was used during play-back for calculation of VOL. 46, No. 4, APRIL 1980 FIGURE I The upper section of the figure shows that part of the isolated heart preparation which is usea to provide left (LA) mean ventricular pressure and mean external power (pressure times flow integrated and normalized over the heart cycle). Mean flow levels were determined by planimetry. The maximum errors of the calculation methods were: 0.5 and 0.2 mm Hg for left and right ventricular pressures, respectively; 0.1 cn^sec" 1 for mean outputs; and 1.0 and 0.4 mW for left and right external power, respectively.
Experimental Protocols
In all experiments a series arrangement was established first. The resistance in the aorta and the left atrial filling pressure were set to obtain left ventricular outputs of about 400 ml/min and mean aortic pressures around 80 mm Hg. Then the resistance in the model of the pulmonary arterial system was chosen in such a way that a mean pulmonary arterial pressure of approximately 16 mm Hg was obtained. The end-diastolic pressure (and thus the corresponding volume) of the right ventricle resulted from the chosen settings. All experiments were performed at 120 beats/min. This heart rate was obtained by mechanically crushing the sinoatrial node and pacing the heart.
Once the preparation had stabilized in this series arrangement, right ventricular end-diastolic pressure was measured precisely (see below), the series arrangement was broken, and a parallel arrangement was established which maintained right ventricular end-diastolic pressure at the same level. The two hearts now pumped in parallel, but still with approximately the same outputs. This situation is referred to as the experimental control situation.
The following experimental protocols were used in this study:
The effects of resistive and capacitive changes of the model of the pulmonary arterial system on the right heart
To study the changes in pressure and flow generated by the right ventricle caused by changes in the input impedance of the pulmonary arterial system, we repeated for the right heart the experimental protocol used for the left by Elzinga and Westerhof (1973) . This protocol consists of a combination of three values of the "peripheral resistance" with three values of the "arterial compliance'' resulting in nine experimental situations with different steady state arterial input impedances. Care was taken to keep right ventricular end-diastolic pressure constant. This was done by sampling.this pressure value on a beat-to-beat basis, making use of the already mentioned analog measuring device. The digital readout of this value was kept constant by adjusting the height of the overflowing perfusion fluid in SR (Fig. 1) .
Determination of the pump function graph of the right and left ventricles by a sudden change in arterial pressure
Arterial pressure in the pumonary artery was altered on a beat-to-beat basis, making use of valves and a pressurized bottle as described above (see Fig. 1 ). Only the first beat after a given pressure change provided data for the pump function graph; a series of pressure levels was employed. After the determination, in this way, of the right ventricular pump function graph, the same was done for the left side of the heart in a number of experiments.
The dependency of the ventricular pump function graph of one side of the heart on the contraction mode of the other
Pump function graphs were obtained for one side of the heart in the presence of either an isovolumic contraction or a contraction against a very low arterial pressure, on the other side. The variations in contraction mode on both sides of the heart were obtained simultaneously on a beat-to-beat basis, making use of the valve and bottle arrangements. The experimental protocol was arranged in such a way that isovolumic contractions alternated with low pressure contractions. 
Results
Effects of Changes in Pulmonary Arterial Input Impedance on the Right Heart
In three experiments, three values of the "total arterial compliance" (C) were combined with three values of the "peripheral resistance" (R P ), and the changes in pressures and flow generated by the right ventricle were studied at a constant right ventricular end-diastolic pressure. The considerable differences in waveforms resulting from the nine (3 X 3) pulmonary arterial loads are shown in Figure  2 : right ventricular pressures are in the upper panel, pulmonary artery flows in the middle panel, and pulmonary artery pressures in the lower panel. The wave shapes shown here for a single beat are fully representative of the train of steady state contractions from which they have been taken. The results are qualitatively identical to those obtained previously for the left side of the heart (Elzinga and Westerhof, 1973) . The sensitivity of the right ventricle to the input impedance of the pulmonary arterial system demonstrates that this side of the heart can be neither a flow source (flow pulse insensitive to changes in input impedance) nor a pressure source (pressure pulse insensitive to changes in input impedance).
From the nine mean ventricular pressure and mean output values obtained in this way, the pump function graphs have been plotted for the three hearts studied (large unfilled symbols in lower half of Figure 3 ). Mean ventricular pressure was nearly linearly related to mean flow, virtually independent of whether the flow variation was achieved by an alteration in resistance or in arterial compliance. In addition to these nine steady state situations, obtained by varying resistance and/or compliance of the pulmonary arterial system, pump function graphs were also obtained on a beat-to-beat basis. Examples of pressure and flow changes obtained by this procedure are given in the upper panels of Figure 3 . The arterial input impedance of the system loading the left ventricle in between these interventions remained unchanged. The pump function graphs obtained on a beat-to-beat basis are indicated by small dots in the lower panels of Fig. 2) . In one of the experiments (31-10) the pump function graph also was obtained on a beat-to-beat basis while the right ventricle ejected against a considerably higher resistance (frame 3 in Fig. 2) . hearts during the control situation (corresponding to frame 1 in Figure 2 ) and in one of the hearts (31-10) also at a high resistance level (corresponding to frame 3 in Figure 2 ). The graphs determined on the basis of the steady state situations and those obtained by sudden changes in arterial pressure were not identical. This change indicates the presence of a steady state effect on right ventricular pump function. When pulmonary arterial resistance was increased, the pump function graph obtained on a beat-to-beat basis moved outward (experiment 31-10). This implies that the load in some way influenced the position of the points. To show that no important change in ventricular performance took place during this experimental protocol, the control situation was measured at the start (s) and at the end (e) of it.
Pump Function of Left and Right Ventricle
Ventricular pump function graphs obtained on a beat-to-beat basis were determined for the right and the left side of five hearts. When the right ventricle was being examined, the left heart was loaded as in the control situation, and vice versa. Figure 4 shows the results of four of these experiments. Pump function graphs are shown in the lower panels; in the upper panels, mean external power is plotted as a function of mean output (note different scales for the two sides). Both for left and right ventricles, maxima in mean external power were found. It was a consistent finding that the power maximum for the right ventricle was positioned at a higher mean output level than that for the left ventricle. This may be related to the observation that the intercept of the pump function graph with the output axis also seemed to be at higher flow levels for the right side. This intercept is of interest because it indicates the maximum output of the ventricle at the actual end-diastolic pressure.
The differences between the right and left ventricles in the power maxima and the intercepts of the pump function graphs with the flow axes might have been due to the somewhat arbitrarily chosen control situation. Therefore, in the fifth experiment, 
FIGURE 5 In one experiment the pump function graphs of left and right ventricle were determined on a beat-tobeat basis before (8-2a) and after (8-2b) lowering the resistance in the model of the pulmonary arterial system. To keep the output of left and right heart approximately the same in the two steady state situations, right ventricular end-diastolic pressure was lower (1.9 mm Hg) in 8-2b than in 8-2a (2.4 mm Hg). Left ventricular enddiastolic pressure was kept the same in the two situations (7 mm Hg).
by guest on September 23, 2017 http://circres.ahajournals.org/ Downloaded from VOL. 46, No. 4, APRIL 1980 mean external power and pump function graphs were determined after two settings of the series arrangement. During the first setting, pulmonary arterial resistance was 3.1 (10 3 g cm^sec" 1 ), and right ventricular end-diastolic pressure was 2.4 mm Hg. In the second situation, pulmonary arterial resistance was lowered to 2.2 (10 3 g cm~4sec~1); right ventricular end-diastolic pressure was then 1.9 mm Hg. The resulting power and pump function graphs for the two control situations are shown in Figure  5 . In the first situation (left panels), the positions of the power maxima and pump function graphs of left and right ventricle are related as in the experiments shown in Figure 4 . In the second situation (right panels in Fig. 5 ), the power maxima of the two ventricles occurred at approximately the same output levels. The intercepts of the extrapolated pump function graphs with the mean output axis were also nearly the same for the two ventricles in this case.
Although the power maxima may not be found at precisely the same output level, the differences observed are really not very great. In the left panel of Figure 5 the shaded area indicates the common range of output values where both right and left ventricular mean external power were within 90% of their respective maximum values. The output levels for the chosen control situation were within this range (indicated by arrows in the figure). The same was true for the other experiments shown in Figure 4 . Table 1 lists the experimental conditions during the control situations of the six studies done on the five hearts presented above. Directly measured cardiac outputs of the two sides of each heart are given before the start and after the end of the experimental protocols to show that no important change in cardiac performance took place during the time of study.
Cross-talk between Left and Right Heart during Systole
In six experiments the right ventricular pump function graph was determined in relation to two left ventricular contraction modes on a beat-to-beat basis: first, when the left ventricle contracted isovolumically and, second, when the left ventricle ejected at a low pressure level. An example of the recordings obtained during such interventions is given in Figure 6 . The two panels (A and B) show how the left ventricle can modulate the effects of a sudden increase (RVi) or a sudden decrease (RV 2 ) of the pressure in the pulmonary artery. Panels A and B each consist of three subpanels. In the two upper subpanels, the two contraction modes of the left ventricle (LV) are shown: A. a left ventricular contraction against a low pressure, B. an isovolumic left ventricular contraction. The middle and the lower subpanels show right ventricular contractions at two different pulmonary arterial pressure levels (RVi and RV 2 ). Flow and systolic pressure in the pulmonary artery are higher in the presence of an isovolumic left ventricular contraction. The two right ventricular pump function graphs obtained in each of the six experiments are presented in Figure  7 . They show an outward parallel shift when the left ventricle contracts isovolumically in comparison with the situation in which the left ventricle ejects at a low pressure level. This implies that in the presence of an isovolumic beat on the left, the right heart not only is capable of generating more pressure at a given output level but can eject more blood at a certain pressure level. Information on the stability and the experimental conditions of the six hearts during this experimental protocol is given in Table 2A .
In three hearts the influence of the right ventricular contraction mode on left ventricular pump function was investigated in a comparable manner. An example of measurements made in one of these experiments is shown in the upper panel of Figure  8 . We have chosen to present here an example of an isovolumic beat of the right ventricle while the arterial input impedance loading the left remains unchanged. Such an example shows most clearly that the effect of the behavior of the right ventricle on the pump function of the left was very small. This is also demonstrated quantitatively by the three pairs of pump function graphs obtained from these experiments and presented in the lower panel of Figure 8 . There is a small deviation at low pressure values of the left ventricular pump function Pri = end-diastolic pressure (mm Hg); P = mean pressure (mm Hg); CO* /e = cardiac output at the start (s) or the end (e) of the experiment (ml/min); R, = resistance in systemic model (10 3 gem"* sec"'); Rp, = resistance in pulmonary arterial model (10 3 gem"* sec" 1 ); | V1 " = left and right ventricle, respectively; , o = aorta; p. = pulmonary artery. The pump function graph of the right side of the heart was determined in the presence of either an isovolumic contraction (B, upper subpanel) or a contraction against a low pressure (A, upper subpanel) 
Discussion
Comparison of Left and Right Ventricular Pump Function
Changes in compliance and in resistance of the arterial model loading the right ventricle caused changes in the waveforms of pressures and flow. These changes should be compared to those observed for the left side of the heart under similar experimental conditions (Elzinga and Westerhof, 1973) . From those experiments it was concluded that the left ventricle should be considered as neither a pressure nor a flow source. The striking similarity of the waveforms of flow and pressure for the two sides of the heart under the nine different loading conditions strongly suggests that the two ventricles do have comparable characteristics as pumps.
For the left ventricle, no significant difference has been found between the pump function graphs determined on a beat-to-beat or on a steady state basis (Elzinga et al., 1977; For the explanation of the symbols and for the units used, see Table 1 . 
1978; in press
). This appears not to be the case for the right side of the heart. Here the position of the pump function graph obtained on a beat-to-beat basis depends on the prevailing arterial input impedance between the single beats. The two pump function graphs shown in the right subpanel of the lower panel of Figure 3 and obtained on a beat-tobeat basis show that a higher mean right ventricular pressure during the steady state influences the performance of the right ventricle in a positive way. This may be due to an increased contractility or to an increased muscle fiber length in the free wall of the right ventricle, but we cannot discriminate between these possibilities on the basis of the present experiments. Our observations may be related to recent findings of Maugham et al. (1979) who showed that the maximum pressure-volume relationship (Emax) is higher for isovolumic than for ejecting beats determined on a steady state basis. We were unable to assess the precise time course of this phenomenon. It must develop within about half a minute, which was the time needed for the change in resistance or compliance and the adjustment of the end-diastolic pressure. No changes in peak pressure or flow were seen after that period. The difference in position between the pump function graph obtained by sudden change in arterial pressure load from the steady state with the control arterial resistance and that with the high arterial resistance amounted to only 10% in terms of the mean isovolumic pressure, i.e., the intercept with the mean ventricular pressure axis. We hesitate therefore to conclude that this effect may play a physiologically significant role for the adjustment of the right heart to increased arterial loads if it could be demonstrated to exist in the intact conscious animal.
Similarities between left and right heart also are seen when comparing the pump function graphs obtained for the two ventricles and the graphs of the generated mean external power. The slope of the pump function graph has significance when deciding whether the ventricle should be considered as a pressure source, a flow source or neither. For a pressure source, the pump function graph should be horizontal; for a flow source, it should be infinitely steep. There is a large difference in slope of the graphs obtained from the right and the left side; the left ventricular pump function graph is more than five times steeper than the right. This could be interpreted as meaning that the right ventricle is more like a pressure source than the left. However, to decide on the nature of a source, one has to take its load into consideration, as discussed by Piene and Sund (1979) . The arterial resistance of the systemic and pulmonary arterial beds differ as well by a factor of at least five. Therefore it is more justified to conclude that both ventricles appear to be matched to their natural loads. This is demonstrated also by the finding of a maximum in power output at similar physiological levels of flow output for both sides of the heart. However, two differences between the left and the right side of the heart were consistent: (1) ventricular output extrapolated to zero load or to the end-diastolic pressure value was somewhat higher for the right than for the left heart; (2) maximum external power was found at a slightly higher output level on the right than on the left side. These differences were reduced by choosing a somewhat lower pulmonary arterial resistance and consequently a lower end-diastolic pressure for the right ventricle. We do not know which situation is most representative for the intact animal; systemic and pulmonary arterial resistances vary within wide limits. For this reason it is not possible to select a "correct" control situation. With that limitation in mind, it seems reasonable to conclude that under normal circumstances both right and left ventricles work close to their maximum mean power output, as has been found for the left ventricle by Wilcken et al. (1964) in conscious dogs.
Consequences of Having Two Pumps in One Heart
By determining the ventricular pump function graph for one side of the heart during two contraction modes of the other side, i.e., an isovolumic beat and a contraction ejecting at low pressure, we studied the influence of the two sides of the heart on each other. This type of cross-talk should be clearly distinguished from the cross-talk phenomena which have been described in passive hearts (Laks et al., 1967; Taylor et al., 1967) and during diastole in working hearts (Elzinga et al., 1974; Bemis et al., 1974; Santamore et al., 1976; . In the latter situation, the diastolic pressure-volume relationship of one ventricle is dependent on the degree of filling of the other, a phenomenon resulting from the myocardial architecture and the fact that both pumps are enclosed in one pericardium (Elzinga et al., 1974; . The mutual interference described in the present study cannot be related to changes in the diastolic pressure-volume relationship, because all contractions, immediately following the sudden change in arterial pressure, start at the same right and left ventricular end-diastolic pressures.
From the results presented in Figures 6, 7 , and 8, it can be concluded that the contraction of the right ventricle depends more on what the left ventricle is doing than vice versa. This is in contrast to the diastolic cross-talk, where a considerable effect of the right side on the pressure-volume relationship of the left has been noted. This more independent behavior of the left ventricle during systole no doubt is related in part to the large increase in the absolute pressure difference between the two cavities during normal contractions.
At least two mechanisms might provide a possible explanation for the systolic cross-talk phenomena described here:
1. The amount of blood the right ventricle can hold depends, apart from a number of other deter- . 46, No. 4, APRIL 1980 minants, on the size of the left ventricle, even when the shape of the latter remains roughly a truncated ellipsoid of revolution. This relationship is inverse in nature (Elzinga et al., 1974) . Therefore, if the left ventricular volume decreases during contraction, the muscle fibers in the free wall of the right ventricle have to shorten more for a given output than when the left ventricle contracts isovolumically. Consequently, in the latter situation, pressure and output on the right side of the heart will be higher. 2. When the pressure in the right ventricle approaches or exceeds that in the left ventricle, a movement of the septal wall may occur. The left ventricle then can no longer be regarded as an ellipsoid of revolution. This septal movement provides another disadvantage for the right heart, because it leads to a drop in pressure and output because of the relative increase in volume. Figure 9 shows an observation supporting the existence of such a mechanism. Right and left ventricular pressure tracings, having the same calibration, are superimposed on a storage oscilloscope. Beats were chosen during which the left ventricle faced the same low load each time, while the load on the right ventricle was higher in each beat selected. When the pressure in the right ventricle was greater than that present in the left, left ventricular pressure increased each time with the rise of the right ventricular pressure curve.
How are the pump function curves of the left and right heart, presented in Figure 4 and 5, related to these systolic cross-talk phenomena? The pump function graphs presented in those figures have been determined in the presence of a constant hemodynamic situation in the other side of the heart. The left ventricular pump function graph is almost independent of what the right ventricle does (Fig.  8) , but the position of the right ventricular pump function graph is certainly to some degree influenced by left ventricular behavior. Because we have chosen the hemodynamic situation to resemble the circumstances found in the intact body, it implies that the right ventricular pump function graph is determined at its physiological level.
